The effects of vacancy depletion and solute atom depletion on the microstructural evolution of the precipitation-free zone (PFZ) near the grain boundary have been examined by Monte Carlo simulations with Kawasaki dynamics. The solute depletion caused by a precipitation of stable phase at grain boundaries lead to a well-defined PFZ, whose width grew by a t 1=2 power law. The average size of precipitates near the PFZ boundary did not change significantly from that inside the grain. On the other hand, the vacancy depletion did not give a well-defined PFZ boundary, and the average size of precipitates changed gradually as a function of distance from the boundary.
Introduction
In many age-hardenable Al alloys, the mechanical properties, in particular, the fatigue strength, and the chemical properties such as corrosion resistance, deteriorate when precipitation-free zones (PFZs) exist at the grain boundarie. [1] [2] [3] It has been proposed 4, 5) that the vacancy depletion near grain boundaries, as well as the depletion of solute atoms caused by grain boundary precipitation, could exaplain the formation of PFZ. In the recent researches on agehardenable Al sheet alloys for automobile use, they try to control the precipitation structure inside the grain by controlling the heat-treatment procedures and alloying elements. Steady progress has been made in understanding the development of the microstructure inside grains with the help of electron or field-ion microscopies and simulations. 6) However, the mechanism of PFZ formation, in particular, the effect of the solute depletion and the vacancy depletion, and how the two depletion interact each other to form PFZ, is not clear yet. Therefore, we need to know how the solute depletion or the vacancy depletion changes the microstructures near the grain boundary, to find out a way to control them. The preceding experimental works 4, 7) already suggested that both solute depletion and vacancy depletion are important to understand PFZ. However, it is impossible to control the degree of vacancy depletion and vacancy concentration profile, or control the degree of vacancy depletion independent of the degree of solute depletion experimentally. From experimental side, it might be helpful if a simulation can suggest a typical microstructure which is the fingerprint of a specific mechanism.
Therefore, we made a Monte Carlo simulation to examine the effects of solute depletion and vacancy depletion on the formation of PFZ in a model binary alloy in the present work. The characteristics of the microstructure appearing during the heat treatment was examined in detail.
Simulation Model
The model used in the present simulation is a kinetic Ising model with Kawasaki dynamics on a fcc lattice. 8, 9) We adopted a binary model alloy with A atom (s ¼ À1) and B atom (s ¼ þ1). The system size used in the present simulation is typically 300 unit cells in the direction normal to the grain boundary (x direction) and 60 unit cells in the other two directions (y and z directions). Periodic boundary condition was used for the y and z direction. The grain boundary was placed parallel to the y-z plane at x ¼ 0, and the crystal terminates at x ¼ 300. Therefore, the boundary condition at x ¼ 300 was that no mass flow occurs across the boundary.
In the present system, it is well known that the critical temperature, T c , and the exchange integral, J, have a welldefined relationship of 10) 2zJ=kT c ¼ 2:450 ð1Þ with
where : the interaction parameter appearing in the regular solution approximation, z: the coordination number, N A : the Avogadro number. Then the total energy is given by
with the chemical potential. The temperature is expressed by the unit of T c in the present simulation.
In order to describe the solute and the vacancy depletion in the model, two extensions were made. One is the boundary condition. Since the kinetic Ising model is based on a rigid lattice, it is essentially difficult to take incoherent precipitates at grain boundaries into account directly. As shown schematically in Fig. 1(a) , we need to reconstruct the lattice structure every time when an atom arrives at one of the grain boundary precipitates from inside the grain, if the model represents the whole system. This is quite inefficient way, since we are not interested in the structure of grain boundary precipitates. Therefore, we replaced the grain boundary and the grain boundary precipitates by a mass reservoir whose concentration could be given externally as shown in Fig. 1(b) . This replacement has a merit that the simulation procedure is kept simple, and still the microstructural evolution of the alloy near the grain boundary is well described. In the introduction of a mass reservoir, we assumed that the solute diffusion along the grain boundary is faster enough than that inside the grain, and the solute concentration is uniform along the grain boundary.
The other extension is that we expressed the concentration gradient of vacancy by setting the probability of the site exchange to be proportional to the vacancy concentration, which was given as an initial condition. In the recent Monte Carlo simulation on clustering, direct introduction of vacancy into the lattice has been rather popular, and easier to understand. The reason we adopted classical Kawasaki dynamics is the following. The vacancy concentrations at the solution treatment temperature and aging temperature are of the order of 10 À5 and 10 À7 in pure Al. Therefore, when we express the concentration gradient of vacancy by a direct introduction of vacancy, we need to assign the vacancy site of the order of 10 À5 well inside the grain, to 10 À7 near the grain boundary in each y-z lattice plane, since the concentration of vacancy varies with x. This requires a huge system size in y and z directions, and is apparently not suitable for a simulation which examines the kinetics. Even if we make some compromise that we introduce a uniform vacancy, and control the diffusivity not through the concentration of vacancy but the mobility of vacancy, this modification will lead to the condensation of vacancies to the grain boundary, which is just the opposite to the reality. To compare the microstructures that appear by solute depletion and vacancy depletion, it is desirable to use the same model. Therefore, we simulated both vacancy and solute depletion by using Kawasaki dynamics.
Simulation Procedures and Conditions
The composition used in the present simulation was fixed at 0.07. The composition is low enough to form independent spherical clusters, and still high enough so that no clear incubation is observed at the aging temperature. For each condition, 7 separate simulations were made to obtain an averaged structure. Figure 2 shows the heat treatment used in the present simulation. The system was first solution-treated to give an appropriate initial condition, and then quenched to the aging temperature of 0.55 T c . For many age-hardenable Al alloys, 0.55 T c lies in the typical temperature range of artificial aging.
For the solute depletion case, the boundary condition at x ¼ 0 was the same as that for x ¼ 300 during solution treatment, and then the y-z plane at x ¼ 0 was put under direct contact with mass reservoir kept at a fixed composition, c bd . This procedure assumes that no grain boundary segregation occurs during solution treatment, and then upon aging, the grain boundary precipitation and homogeneous precipitation occur concomitantly. The solvus line that governs the precipitation inside grains was determined numerically in the present simulation. From a composition analysis using large precipitates, the solvus concentration at 0.55T c , c m , was estimated to be 0:019 AE 0:001. To choose the composition of the mass reservoir, we may use the ratio of the solvus composition for stable phase to that for metastable phase or GP zones in Al alloys. For example, the ratio of the solvus composition for delta phase to that for delta prime in Al-Li alloy is about 0.55 at 473 K and about 0.2 to 0.4 for AlZn-Mg alloys.
11) Therefore, we used 0.003, 0.01 and 0.018 for the composition of mass reservoir. The mobility, or the vacancy concentration, was assumed to be uniform for this simulation.
For the vacancy depletion case, the boundary condition at x ¼ 0 was the same as that for x ¼ 300 throughout the simulation, and no mass transfer from or to the mass reservoir occurred. The vacancy concentration was uniform during solution treatment. For aging treatment, however, we assumed that the vacancy concentration had a one dimensional distribution given by a error function as;
where D is a diffusion constant. This assumption corresponds to a situation that no grain boundary segregation occurs during the whole process, and the precipitation may slow down because part of vacancies existed at solution treatment temperature escaped from grain boundary during quench. We set the characteristic length of diffusion in (4) , ffiffiffiffiffi Dt p , as 63 unit cells in the present simulation. The error function was used in (4), since we assumed that the concentration of vacancy is quite low and 
Results and Discussions

Effect of solute depletion
During aging with a mass reservoir at x ¼ 0, the solute atoms continue to flow outside the grain. Figures 3(a) to (c) show the concentration profiles during aging with the reservoir composition of 0.003, 0.01, and 0.018. They are averaged over each y-z plane. It is clearly seen that the concentration profiles give well-defined dips at the grain boundary, which develop with time. When we look into the profile more in detail, the profiles have several characteristics in common. For example, the profile at 6940 Monte Carlo Steps (MCS) for Fig. 3(a) can be divided into three regions as shown in the figure. In region A, the concentration increases monotonically from c bd at x ¼ 0 to a value which is close to the solvus. In region B, the average concentration increases up to the average composition of the sample, 0.07. In region C, the concentration fluctuates around the sample composition. The amplitude of the fluctuation increases with time, corresponding to the growth of precipitates. The region A corresponds to the PFZ, since the concentration lies in the single phase region of the phase diagram and no precipitates can be expected. The concentration at the boundary between regions A and B, c AB , should be higher than the solvus concentration, c m , because of in the Gibbs-Thomson effect, and getting closer to c m as the average size of precipitates increases with time. The region B is a transient region, where the microstructure changes from that of PFZ to that of the bulk. From the concentration profile alone, the region C may be the bulk region, where the microstructure is not affected by grain boundaries. We will examine the regions again from size distribution of the precipitates later. These three regions appears for c bd ¼ 0:003 and 0.01, but are not very clear for c bd ¼ 0:018. The driving force of PFZ growth is essentially the difference in the concentration, (c AB À c bd ). In the case of Figs. 3(a) and (b), c bd is well below the solvus concentration, so that the PFZ grows with a parabolic law. On the other side, since the difference for Fig. 3(c) is just a surplus explained by the Gibbs-Thomson effect which decreased with time, the PFZ eventually stop growing. The latter case corresponds to the situation that coarse precipitates of the same phase as in the grain exist at the grain boundary in the early stage of aging. As for the mechanism of PFZ formation, we are interested in the former case. The result for c bd ¼ 0:003 will be examined in detail as a typical case.
Experimentally, the PFZ width and the average size of grain boundary precipitates were found to be proportional to t 1=2 in the case of solute depletion such as 7000 series aluminum alloys. 2) In the present simulation. PFZ width corresponds to the length of region A, and the size of the grain boundary precipitates may be estimated by the number of net solute atoms absorbed into the mass reservoir. The net flow of solute atoms and PFZ width are plotted as a function of time in Fig. 4 . The slope of the lines in the figure corresponds to the parabolic law. It is seen that a parabolic growth law holds for both PFZ width and the net flow of 
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solute atoms into the mass reservoir across the boundary.
From the concentration profiles, we can conclude that the present simulation reproduced the PFZ and its growth law observed expermentally in several Al alloys accompanying grain boundary precipitation. 2, 5) In order to examine the microstructure characteristic to the PFZ induced by solute depletion, the microstructure in region B (transient region) should be important. Figure 5 shows the distribution of the average radius for c bd ¼ 0:003 and t ¼ 6940 MCS. The average size was calculated from the Warren-Cowley short range order (SRO) parameters. 12) Since the SRO is regarded as a normalized concentration-concentration correlation function for the clustering case, the tangential line at small r gives the volume-averaged size of precipitates. Detail is given in the appendix. The procedure is the same as the one used for correlation function in smallangle scattering. 13) In the present simulation, the average for the SRO was taken over two unit cells in x direction and all over y and z directions. The most interesting point in the figure is that the average radius in the region B, the transient region, is almost the same as that in the region C. Therefore, the microstructure of the PFZ front in the solute depletion case is characterized by a well developed precipitates, whose average size is almost the same as that in the bulk region (C), but the number density changes as suggested by the concentration profile in Fig. 3 . Considering the fact that the average diameter in Fig. 5 is about 4.5 unit cells, we can understand the transient region as a one whose thickness is about the order of interparticle distance of the largest particles in the bulk region.
In order to examine the microstructure more in detail, the size and the position of the center of gravity of each precipitates were calculated. The cluster distributions in the early stage of aging (230 MCS), and later stage of aging (6940 MCS) are shown in Fig. 6 . The size of the clusters are plotted as a function of the distance of their center of gravity from the grain boundary. In the early stage of aging, as shown in Fig. 6(a) , the size distribution for precipitates and that for clustering in the matrix are hard to separate yet. However, after a long aging, the distribution is divided clearly into two parts, i.e., the smaller size corresponding to the clustering in the matrix and the larger part corresponding to the precipitates as shown in Fig. 6(b) . The PFZ is quite easy to identify in Fig. 6(b) , since a well defined region is observed near the grain boundary, where no precipitates are observed, and the maximum size and the number of clusters in the matrix decrease monotonically towards the grain boundary. In the bulk region (region C), it is clearly seen that the size distribution is uniform in space. When we closely examine the distribution of precipitates at the PFZ side of the transient region, we may notice that the largest size of precipitates is smaller on the PFZ side for a few unit cells in length. An apparent difference between the microstructure examined by the average radius in Fig. 5 and the direct cluster analysis is explained as follows. The SRO was calculated as an average over the volume whose thickness in x direction is 2 unit cells. Since the average size of precipitates is about 2.5 unit cells for 6940 MCS, this is a reasonable volume. Therefore, the SRO analysis tells that if we analyze the microstructure at the characteristic scale of the microstructure, the average size of precipitates at the PFZ boundary is almost the same as that in the bulk region. When we examine this microstructure by a microscopic method, a uniform microstructure should abruptly ends at PFZ without changing the size of the precipitates. On the other hand, the cluster analysis in Fig. 6 gives the position of the center of gravity. Therefore, when we take the size of the precipitates into account, larger precipitates actually extend towards the PFZ boundary, and contributes to the average size calculation in Fig. 5 . The result shown in Fig. 6(b) gives a thermodynamically interpretation of the PFZ microstructure. In Fig. 7 , the half of the interparticle distance expected from the size of the Although the larger precipitates are fewer near the PFZ boundary, the position of the interparticle distance from the particles near the PFZ boundary agrees irrespective of the size. This result suggests that we can define the thermodynamical position of PFZ boundary such that the PFZ front makes a contact with the diffusi on fields of precipitates. Using a concept of nonclassical coarsening, 14) we may describe that the dissolution of precipitates during PFZ formation is explained by a soft collision of growing precipitates with the PFZ front, whose solute concentration is at the solubility limit. This picture also agrees with the fact that the width of transient region (B) is almost the same as the interparticle distance of the largest precipitates in the bulk region.
Effect of vacancy depletion
The depletion of supersaturated vacancies near the grain boundary naturally lead to the slowing down of diffusion. Therefore, one of the simplest picture of the microstructure for vacancy depletion is that the microstructure nearer to the grain boundary corresponds to the earlier stage of phase decomposition in the isothermal aging. This picture suggests that a PFZ may be observed if there is a clear incubation in the precipitation process, where the PFZ corresponds to the incubation period. Otherwise, the microstructure should change continuously in space, and no clear PFZ should present. However, the picture does not take the effect of spatial inhomogeneity of size distribution into account, which may play an important role through the GibbsThomson effect during aging. In the present simulation, the effect of vacancy depletion was taken into account by assigning the probability of site exchange to be proportional to the vacancy concentration as described above.
The size distribution of precipitates as a function of the distance from the grain boundary for 4630 MCS is shown in Fig. 8 . As described in the previous section, the vacancy concentration at the grain boundary was set to be about 100 times lower than that well inside the grain, and the characteristic length of vacancy depletion is much larger than the characteristic length of diffusion at the aging temperature. The size distribution is divided into two separate branches well inside the grain, but they merge at the grain boundary. For the upper branch, the precipitates are smaller near the boundary, and for the lower branch, the clustering in the matrix is significant also near the boundary. The latter is the Gibbs-Thomson effect as observed in a discrete model. However, the concentration was uniform throughout the sample during aging, and the size of precipitates changes only gradually with the distance from the grain boundary. Therefore, it is concluded that a vacancy depletion alone does not lead to a PFZ microstructure which has a well-defined PFZ boundary. Since the present heattreatment condition corresponds to a deep quench, where no clear incubation is observed in the isothermal aging process, we can not rule out a possibility that a well-defined PFZ may appear under a very shallow quench condition with vacancy depletion. Also, a combination of vacancy depletion and twostep aging is interesting, since the reversion process may change the time scale depending on the size of precipitates.
15)
Conclusion
A Monte Carlo simulation with mass reservoir and spatially inhomogeneous vacancy concentration has been made to examine the microstructure of precipitation-free zone (PFZ). It is shown that;
(1) Solute depletion model leads to a PFZ that grows with t 1=2 , and a well-defined PFZ edge. (2) The microstructure of PFZ formed by solute depletion has a well-defined PFZ front, where the size of precipitates is almost the same as that in the bulk region, and the width of the transient region is of the order of the interparticle distance for the largest precipitates. (3) The PFZ front in solute depletion case is explained by a soft collision of precipitates with the diffusion field, whose concentration at the PFZ front is the matrix concentration that equilibrate with the precipitates. (4) A simple vacancy depletion model can not reproduce well-defined PFZ. Therefore, we need further examination of extra effects such as secondary annealing/ reversion or vacancy trap, etc., to explain PFZ mechanism through vacancy depletion. Fig. 7 The size distribution plotted with the half of the interparticle distance expected for each precipitates. The figure suggests a PFZ front for the diffusion field. Solute/Vacancy Depletion Effects on PFZ Formation-a MC Study 1459
